Adeno-associated virus (AAV) is a member of the Parvoviridae, belonging to the Dependovirus genus. Currently, several distinct isolates of AAV are in development for use in human gene therapy applications due to their ability to transduce different target cells. The need to manipulate AAV capsids for specific tissue delivery has generated interest in understanding their capsid structures. The structure of AAV type 4 (AAV4), one of the most antigenically distinct serotypes, was determined to 13-Å resolution by cryo-electron microscopy and image reconstruction. A pseudoatomic model was built for the AAV4 capsid by use of a structure-based sequence alignment of its major capsid protein, VP3, with that of AAV2, to which AAV4 is 58% identical and constrained by its reconstructed density envelope. The model showed variations in the surface loops that may account for the differences in receptor binding and antigenicity between AAV2 and AAV4. The AAV4 capsid surface topology also shows an unpredicted structural similarity to that of Aleutian mink disease virus and human parvovirus B19, autonomous members of the genus, despite limited sequence homology.
Adeno-associated virus (AAV) is a member of the Parvoviridae family (45) . AAV virions have a Tϭ1 icosahedral capsid consisting of 60 copies of three related proteins, VP1, VP2, and VP3, at an estimated ratio of 1:1:8, which surrounds a singlestranded DNA genome. These three proteins share a common C-terminal region (the ϳ590 amino acids of VP3) but have different amino termini resulting from alternative start codon usage. The entire sequence of VP3 is present in VP2, whose sequence is in turn entirely contained within VP1. The VP3 common region appears to be essential for cell binding and antigenic properties and possibly plays a role in genomic DNA packaging. VP1 of AAV serotype 2 (AAV2) has a unique N-terminal region of ϳ130 amino acids, which is important in the viral life cycle after cell binding and entry, and displays a phospholipase A2 function (25) that also appears to be conserved in other serotypes.
The AAVs are distinct from the autonomous parvoviruses by their dependence on a helper virus for replication. These viruses require coinfection with either an adenovirus or a herpesvirus for replicative infection (45) . To date, nine distinct serotypes, AAV1-5, AAV7-9, and AAAV, have been cloned from either human or primate samples (5, 7, 10, 23, 41) . In addition, a large number of sequences were recently isolated from monkeys (24) . There are no diseases associated with AAVs, and their capability of packaging foreign DNA makes them attractive for development as gene therapy vectors (39) .
The three-dimensional (3D) structures of several autonomous parvoviruses and that of AAV2 have been determined by X-ray crystallography (1, 2, 4, 37, 53, 61, 68) . Lower resolution structures of AAV2 and AAV5 (40, 63) , as well as those of the autonomous parvoviruses Aleutian mink disease parvovirus (ADV) and human parvovirus B19 (16, 44) , have been mapped by a combination of cryo-electron microscopy (cryo-EM) and pseudoatomic model building. In all of these structures, only the C-terminal common region of VP1/2/3 is observed. The core of the protein is composed of a conserved eight-stranded antiparallel ␤-barrel motif (3, 14) . The majority of the variable surface structure consists of large loops inserted between the strands of the ␤-barrel. Structural features on the capsid surfaces of these viruses include projections at or surrounding the icosahedral threefold axis and depressions at the twofold and around the fivefold axes (2, 4, 16, 37, 44, 52, 53, 61, 63, 68) . A conserved cylindrical channel is present at the icosahedral fivefold axis formed by symmetry-related ␤-ribbons (3, 67) .
Biochemical and molecular characterizations of several of the different serotypes of AAV have indicated that each has unique cell binding characteristics and tissue transduction efficiencies (19, 35, 49, 64) . AAV2, the best characterized serotype, has a broad tropism, including tropisms for the eye, central nervous system (CNS), liver, and muscle (21, 42, 54, 66) , and has been studied for the treatment of genetic diseases such as cystic fibrosis and alpha 1 antitrypsin deficiency (22, 55, 62) . However, vectors derived from other AAV serotypes have been reported to be more efficient at transducing certain cell types than AAV2. AAV1 has demonstrated an improved tropism for striated muscle cells compared to AAV2 (29) . AAV3 can transduce hematopoietic cells (28) . AAV4, originally isolated from African green monkeys, is able to infect cells from humans and rodents (15) . The direct injection of AAV4 into the striata of mice demonstrated a strong tropism for ependymal cells in the CNS (18) . In vitro and in vivo experiments with AAV5 have demonstrated improved binding and transduction of airway lung epithelia, muscles, CNS neurons, and the eye compared to AAV2 (18) . The more recently identified AAV serotypes, including AAV7 and AAV8, also appear to have unique cell tropisms. For example, AAV8 is reported to efficiently transduce liver cells (23) . These differences in cell tropism appear to be due to the ability of the AAV capsids to utilize different cell surface carbohydrates and/or protein receptors for cell binding and entry.
For AAV2, an interaction with heparin sulfate proteoglycans is important for cell binding and transduction (57) , although a requirement for human fibroblast growth factor 1 (48) or integrin ␣ v ␤ 5 (56) has been reported. Mutagenesis and the available crystal structure of AAV2 have enabled the identification of the basic residues in VP3 that are responsible for its interaction with heparin (38, 46, 68) . The suggested binding site contains a clustering of residues, contributed by icosahedral threefold axis symmetry-related VP3 molecules, that form three basic patches surrounding the icosahedral threefold axes. AAV1, which is ϳ83% identical to AAV2 and contains most of the basic amino acids in VP3 that have been identified as being important for heparin binding (but not the critical R585 and R588 residues [38, 46] ), does not appear to bind heparin. The carbohydrate moiety recognized by AAV1 for transduction has yet to be determined. The ability to bind heparin is conserved in AAV3, which is ϳ87% identical to AAV2, although its affinity is weaker (49) . However, AAV3 also lacks R585 and R588. Transduction by AAV4 and AAV5, which are ϳ55% identical to AAV2 and to each other, is insensitive to competition with soluble heparin (35, 64) . Recent studies with AAV4 and AAV5 indicated that they have hemagglutination activity and require sialic acid for binding and transduction but differ in their specificities (35) . AAV4 requires ␣2,3-O-linked sialic acid and AAV5 requires ␣2,3-N-linked sialic acid for transduction (35) . In addition, the platelet-derived growth factor receptors (PDGFRa and PDGFRb) have been identified as protein receptors for AAV5, and their expression correlates with transduction in vivo (19) . The nature of the carbohydrate molecules utilized for cell binding by AAV7-9, AAAV, and the other newly isolated AAVs is yet to be identified.
Unlike heparin sulfate binding, which requires defined basic patches or consensus sequences, to our knowledge there are no consensus amino acid motifs for sialic acid recognition. To explore structural features of the AAV virus capsid responsible for sialic acid binding, we initiated structural studies of AAV4 and AAV5. Our 16-Å-resolution cryo-EM and image reconstruction of AAV5 have been reported elsewhere (63) . Here we report a structural determination of intact wild-type (wt) AAV4 particles to a 13-Å resolution by cryo-EM and image reconstruction. Using this reconstruction and a structure-based alignment with the 3D structure of the AAV2 VP3 protein (68), we developed a pseudoatomic model for AAV4. At this medium level of resolution, the AAV4 capsid surface topology clearly highlights differences from those of AAV2 and AAV5 associated with the capsid regions involved in carbohydrate binding and antigenic properties. Interestingly, the overall AAV4 capsid topology is very similar to that of ADV and B19 (1, 16, 44) , which are both autonomous parvoviruses and to which AAV4 has very low sequence identity. Inspired by this coincidence, we compared the surface topologies of all available autonomous and dependovirus parvovirus structures at a low resolution and observed that general parvovirus surface topologies are not dictated by tissue tropism, pathogenicity, antigenicity, or specific carbohydrate recognition phenotypes, but might rather be a result of capsid protein translation and maturation characteristics.
MATERIALS AND METHODS

Cells and virus.
Cos cells were maintained as monolayer cultures in D10 medium (Dulbecco's modified Eagle's medium) containing 10% fetal calf serum, 100 U of penicillin per ml, 100 mg of streptomycin per ml, and 13 U of amphotericin B as recommended by the manufacturer (GIBCO, Gaithersburg, Md.). Wild-type AAV4 was produced and purified as previously described (36) .
Cryo-EM and 3D image reconstruction. Purified wild-type AAV4 particles, at a concentration of 5 ϫ 10 13 particles/ml, were quick-frozen on "holey" carboncoated copper grids as previously described (44) . The grids were transferred to the microscope by use of a precooled Gatan cryotransfer holder and were maintained at liquid nitrogen temperatures. Micrographs were recorded under low-dose conditions with a total dose of ϳ20.1 e/Å 2 at a calibrated magnification of ϫ47,000 by use of a Philips CM300 FEG transmission cryo-electron microscope operating at 300 kV and Kodak SO-163 film. The images were scanned by use of a Zeiss SCAI scanner with a step size of 7 m/pixel and then twofold bin averaged to 14 m/pixels, resulting in a pixel size of 2.98 Å at the specimen. A total of 4,205 particles were boxed, as previously described (44), from 14 micrographs with defocus values ranging from 1-to 3-m underfocus. The contrast transfer functions for each micrograph were corrected as previously described (11) by use of the ROBEM subroutine of the Purdue suite of EM programs (6). The particle centers and orientations were estimated by the use of EMPFT in the Purdue suite of EM programs (6) , with the available low-resolution reconstructed image of ADV (44) used as a starting model. Iterative rounds of image reconstruction (with the Purdue program EM3DR) and model improvement by strict selection of the particles by the EMSEL program based on correlation coefficient calculations were employed to improve these parameters (6) . During iterations to improve the cryo-EM map resolution, the overall correlation coefficients and those for each particle image were kept above 0.3. The final density map was calculated from 2,892 particles to a resolution cutoff of 13 Å. The resolution of this map was estimated by dividing the particle images into two sets, generating two reconstructions and comparing the correlation coefficients and phase residuals of the two sets of structure factors as a function of spatial frequency (6) . A cryo-EM image of AAV2 was reconstructed to 13-Å resolution from 3,032 particles selected from 14 frozen micrographs of capsids produced by use of an adenovirus expression system (70) as described above for AAV4, but employed an AAV5 reconstructed cryo-EM image (63) as the model for particle center and orientation determination in EMPFT (6) . Generating a pseudoatomic model for the AAV4 capsid. The amino acid sequences of AAV2 and AAV4 (obtained from the National Center for Biotechnology Information [NCBI] database) were aligned by using the pair-wise option in the program CLUSTALW (v. 1.4) (59), with the following default parameters: gap opening penalty, 10; gap extension penalty, 0.5; and the BLO-SUM matrix (30) . This alignment procedure was followed by the prediction of the AAV4 secondary structure elements by submission of its sequence to the PSIPRED website (http://bioinf.cs.ucl.ac.uk/psipred/) (33, 43) . The atomic coordinates of an AAV2 VP3 monomer (PDB accession no. 1LP3) (68) were rotated from their crystallographic unit cell orientation into a standard orientation by a least-square fit in the interactive graphics program O (34) and then were used to generate a pseudoatomic model of AAV4 based on the sequence alignment. The AAV2 VP3 amino acids were mutated to those of AAV4, coordinates for inserted amino acid sequences were obtained from the O database, and deleted sequences were removed. The model was subjected to energy minimization by use of the CNS program (13) . In addition to this interactive model building, the amino acid sequence of AAV4 VP3 was submitted to the online atomic model generator Swiss Model (http://www.expasy.org/) (50), with the AAV2 structure (68) supplied as a template. We had previously used a similar protocol to generate a working model for AAV5 (63) . The model generated by Swiss Model (50) was essentially the same as that built interactively. This generated model was used for all comparisons with AAV2, AAV5, and available autonomous parvovirus structures after adjustment to fit the reconstructed cryo-EM density by use of the program O (34) .
The Swiss Model coordinates, in a standard orientation, were translated into the reconstructed density map as a rigid body in the program O and then interactively adjusted, within one viral asymmetric unit, to better fit the map. The cryo-EM density map was generated for display in the program O as previously 5048 PADRON ET AL. J. VIROL.
described (11) . Due to the medium resolution of the map, to 13 Å, the model was only further fitted into the reconstructed density by adjusting the main chain in accordance with the capsid density envelope. The modified model was energy minimized by use of the CNS program (13) . The 60 VP3 icosahedral symmetry equivalent subunits of the virus capsid were generated by matrix multiplication after refinement. The AAV4 capsid pseudoatomic model was used to generate an electron density map for comparison with the cryo-EM density in the OVER-LAPMAP subroutine in CCP4 package (17) to obtain a correlation coefficient. An electron density difference map was calculated between the cryo-EM density of the wt AAV4 capsids (containing VP1, VP2, and VP3) and a map generated for the AAV4 VP3 model (for residues 215 to 735 [VP1 numbering]), also by the use of CCP4 package (17) . The resultant map was displayed in the program O (34) . No attempt was made to model amino acids into this difference density. Structural alignment of AAV serotypes. The amino acid sequences of AAV1, -3, AAV6-9 and AAAV (obtained from the NCBI database) were submitted to the online Swiss Model program (http://www.expasy.org/) (50) to generate threedimensional structures, with the atomic coordinates of AAV2 (PDB accession no. 1LP3) (68) as a template. The resulting models, plus the pseudoatomic models built into the cryo-EM reconstructed densities of AAV4 and AAV5 (63), were superimposed onto the atomic coordinates of AAV2 (68) in the molecular graphics program O by a least-squares algorithm (34) to generate a structural alignment.
Comparison of AAV4 to the amino acid sequences and structures of autonomous parvoviruses. The amino acid sequence of AAV4 was compared to those of the autonomous parvoviruses ADV, B19, canine parvovirus (CPV), feline panleukopenia virus (FPV), and porcine parvovirus (PPV) (amino acid sequences were obtained from the NCBI database) by the use of CLUSTAL W (59) as described above for AAV2 and AAV4. The pseudoatomic model of AAV4 built into its reconstructed cryo-EM density was superimposed onto the pseudoatomic coordinates of ADV (44) and the atomic coordinates of B19 (37), CPV (67), FPV (51), minute virus of mice (MVM) (4), and PPV (53) (PDB accession no. 1S58, 2CAS, 1C8E, 1MVM, and IK3V) with the program O (34) to obtain a root means squared deviation (RMSD) for their C-␣ positions, and a percentage of structural similarity was calculated.
Generation of low-resolution surface maps for available parvovirus structures. Cryo-EM surface images of AAV5, ADV, and B19 were generated from reconstructed densities at 16-, 22-, and 25-Å resolutions, respectively (16, 44, 63) by use of the Purdue suite of EM programs (6) . Low-resolution surface maps of B19, CPV, Galleria mellonella densovirus (DNV), FPV, MVM, and PPV were calculated from atomic coordinates obtained by X-ray crystallographic structure determinations (PDB accession numbers given above, plus 1DNV). Low-resolution surface maps of ADV, AAV4, and AAV5 were calculated from pseudoatomic models built into their reconstructed cryo-EM density maps. Structure factors were calculated to 13 Å (to be comparable to the resolution of the AAV4 cryo-EM density map) by use of the CCP4 package (17) after the generation of 60 VP2/3/4 molecules (depending on the virus) by applying icosahedral symmetry to a reference monomer in a standard orientation. A Fourier transform of the structure factors was used to generate low-resolution surface density maps according to a previously described procedure (9) .
RESULTS AND DISCUSSION
Capsid surface topology of AAV4. A cryo-EM reconstructed image of AAV4 was obtained from micrographs of frozen wt particles ( Fig. 1A and B) propagated in Cos cells and purified by a combination of isopycnic density CsCl gradient ultracentrifugation and molecular weight exclusion filtration (36) . A total of 2,892 2D particle projections of known centers and orientations from 14 micrographs were used to reconstruct the final 3D image to a 13-Å resolution ( Fig. 1C and D) . The AAV4 structure clearly shows the surface features associated with parvovirus capsids, namely, three mound-like protrusions surrounding the icosahedral threefold axes and depressions at the two-and fivefold axes ( Fig. 1C and 2 ). The external diameters of the AAV4 capsid are approximately 220, 230, and 240 Å across the two-, three-, and fivefold icosahedral axes, respectively, and 290 Å across the threefold mounds (Fig. 1C) . The peaks of the mounds surrounding the threefold axes in AAV4 are spaced at a distance of ϳ26 Å from the exact icosahedral threefold axes.
A cryo-EM image reconstruction of AAV2 at ϳ13-Å resolution and our published structure of AAV5 (63) at a 16-Å resolution were compared to that of AAV4 (Fig. 2 , group III, top row). In addition, low-resolution surface images of AAV2, AAV4, and AAV5, calculated to 13 Å from the atomic model of AAV2 (68) and the pseudoatomic models of AAV4 and AAV5 (63) , were compared (Fig. 2 , group III, bottom row). As expected for homologous proteins and/or viruses that are ϳ55% or more identical (Table 1) , the general surface topology of the reconstructed image of the AAV4 capsid is similar to those of AAV2 and AAV5 (Fig. 2, group III) . The protrusion that extends out at the fivefold axes is more pronounced in AAV4 than in AAV2 and AAV5. The tips of the threefold mounds are finger-like in AAV2 and round in AAV4 and are larger in these two viruses than in AAV5. The twofold depression is deep in AAV4, shallow in AAV2, and barely discernible in AAV5 (63) . Comparisons of the 13-Å-resolution rendered surface images were consistent with those for the cryo-EM reconstructed images, except for the icosahedral twofold axes of AAV4. The twofold axes in AAV4 were still like those of AAV2 as a result of the model (see below). The AAV4 capsid structure surface topology was also compared to those available for autonomous parvovirus and DNV (52) at 13-Å resolution, calculated from atomic or pseudoatomic models, or at their cryo-EM reconstructed resolution (Fig. 2, groups I , II, and III). The AAV4 capsid topology is surprisingly similar to those reported for ADV (44) and B19 (1, 16, 37) , to which its amino acid sequence identities are 18 and 25%, respectively (Table 1) . Depressions or valleys are FIG. 2 . Parvovirus structures at low resolution. A comparison of surface-shaded low-resolution maps of AAV2 (in red), AAV4 (in blue), AAV5 (in dark green), ADV (in orange), B19 (in pink), CPV (in cyan), DNV (in purple), FPV (in magenta), MVM (in green), and PPV (in brown) at the indicated resolution is shown. The surface structure topology groupings (group I to III), as discussed in the text, are given above the respective panels. The 13-Å resolution map images for the group I and II viruses and for AAV2 and B19 in group III (bottom row of group III panel) were generated as previously described from structure factors and phases calculated from atomic coordinates (9). The 13-Å resolution maps for AAV4, AAV5, and ADV (bottom row of group III panel) were generated from pseudoatomic models built into their cryo-EM reconstructed densities. The pifmap images for AAV2, AAV4, AAV5, ADV, and B19 (top row of group III panel) were generated as described for Fig. 1C . The lower-resolution appearance of the reconstructed maps (top row of group III panel) compared to the rendered maps (groups I and II and bottom row of group III) stems from the high thermal motion inherent in cryo-EM data, which tends to decrease the apparent resolution of generated maps. The black triangles on AAV2, CPV, and DNV depict a viral asymmetric unit bound by icosahedral twofold (2f), two threefold (3f), and fivefold (5f) axes. The maps are viewed down an icosahedral twofold axis. created at the icosahedral threefold axes of the AAVs, ADV, and B19 due to the mounds that surround them (Fig. 2, group  III) . This threefold topology differs from the pinwheel protrusions at the icosahedral threefold axes in CPV (61), FPV (2), MVM (4), and PPV (53) (Fig. 2, group I) . The AAV4, ADV, and B19 twofold depressions are narrower and deeper than those in CPV, FPV, MVM, and PPV, which appear wide and shallow (Fig. 2, group I) . The surface depression around the icosahedral fivefold axis was conserved in all group I and III parvovirus structures compared, but it was shallow in AAV5 (Fig. 2) . The DNV surface was observed to be drastically different from those of the group I and III viruses, including this fivefold region (Fig. 2) . Pseudoatomic model of the AAV4 capsid protein.
There is no structural information available for the unique region of the VP1 minor coat protein or the region where VP1 overlaps with only VP2 and the extreme N-terminal end of VP3 (where present) for any parvovirus, and as such, these regions were not represented in the pseudoatomic model generated for AAV4. A model of the main-chain atoms of the major coat protein of AAV4, VP3 (residues 215 to 734, based on VP1 numbering), was generated by use of the interactive graphics program O (34) based on the available atomic coordinates of AAV2, guided by an amino acid sequence alignment and the cryo-EM reconstructed density envelope, and by use of the protein model building program Swiss Model (http://www.expasy.org) (50) (Fig. 3 and 4A) . The AAV4 VP3 model clearly shows the conservation of the core ␤-barrel motif (␤B-␤I in Fig. 5A and  6 ) that makes up the contiguous shell in all of the parvovirus capsids for which structures are known (1, 2, 4, 37, 44, 52, 53, 61, 63, 68), with no adjustments being required for it to fit into the EM density. This conservation of the ␤-barrel structural motif was also predicted for the AAV4 VP3 sequence by use of the PSIPRED algorithm (http://bioinf.cs.ucl.ac.uk/psipred) (33, 43) . However, differences in the locations of surface loops between the ␤-strands in AAV4 and AAV2 were clearly evident when the model was placed inside the 13-Å-resolution AAV4 cryo-EM reconstructed density (Fig. 4A) .
The variable surface loops (Fig. 3 to 5) were interactively adjusted and constrained by the cryo-EM density envelope (where possible) to better represent the AAV4 structure (Fig.  4A) . The majority of the AAV2 and AAV4 capsid surface structure differences are located at the base, wall, and top of the mounds surrounding the icosahedral threefold axes (Fig.  4A and 5 ), even though they are spread throughout the primary sequence (Fig. 3) . The insertion of amino acids after residue 262 (between ␤B and ␤C) in AAV2 compared to AAV4 (labeled "I" in Fig. 3 and 5) creates a slight protrusion just below the mounds surrounding the threefold axes in AAV2 (Fig. 5C ). The insertion of amino acids after residues 369 and 506 in AAV4 (between ␤E and ␤F and between ␤G and ␤H, respectively) compared to AAV2 (labeled "II" and "IVb" in Fig. 3 and 5) creates an additional density that forms part of the threefold mounds in AAV4 (Fig. 5B and C) . The finger-like projection of the AAV2 threefold mounds (40, 68) , due to the loop formed between AAV2 residues 451 and 456 (AAV2 VP1 numbering, between ␤G and ␤H), was not observed in the AAV4 structure (Fig. 2, group III) . Rather, the equivalent AAV4 loop, between residues 445 and 454 (AAV4 VP1 numbering in Fig. 3 ; labeled "III" in Fig. 3 to 6 ), had to be modeled folded down towards a loop that intervenes from a threefold icosahedrally related monomer to fit the rounder mounds of AAV4 (Fig. 2, 4A, and 5 ). This structural difference was also predicted by the Swiss Model program (50) , although the loop required further interactive adjustment to fit the AAV4 density (Fig. 4A ). There are no equivalent residues to those that form this loop in AAV5 (63) , resulting in smaller mounds (Fig. 2, 3, and 5) . A single amino acid deletion in AAV5 compared to AAV2 and AAV4 alters the position of the loop region that lies on the surface of the depression at the icosahedral fivefold axes, on top of adjacent fivefold axis-related monomers (residues 646 to 649 in AAV5, 655 to 659 in AAV4, and 656 to 660 in AAV2) (labeled "VIII" in Fig. 3, 5 , and 6).
There were some loop variations between AAV4 and AAV2; for example, residues 527 to 532 (between ␤G and ␤H) and the area near residue 703 (AAV4 VP1 numbering) (labeled "V" and "IX," respectively, in Fig. 3 to 6 ) were outside the cryo-EM envelope, but because of the ambiguity of where to place them in the 13-Å resolution map, the residues were not adjusted from the positions observed in the AAV2 VP3 crystal structure (Fig. 4A, panel II) . This major conformational difference was not predicted by the Swiss Model algorithm (Fig. 4A, panel II) . Region V is located on the wall of the depression at the icosahedral twofold axes and results from a structural rearrangement, and region IX is very close to the twofold axes (Fig. 5) . A surface comparison of the 13-Å-resolution map generated from structural factors and phases calculated for the AAV4 pseudoatomic model with the original cryo-EM reconstruction clearly showed that this loop is incorrectly positioned in the current model (Fig. 2, group III) . Region V's rearrangement caused a notable difference in the surface topology of the twofold depressions in AAV2 and AAV4 (Fig. 2, group III, and 5C ). The current AAV4 pseudoatomic model superimposes onto the atomic coordinates of AAV2 with an RMSD of 0.5 Å for 508 of 520 aligned C␣ positions (Table 1) , but the exact locations of various surface loops in AAV4 await a higher-resolution structure.
When the amino acid sequence of AAV4 is compared to that of the autonomous parvoviruses with known structures, it is equally dissimilar to ADV and B19 as to CPV, FPV, MVM, and PPV (Table 1) . However, a superimposition of the AAV4 pseudoatomic model onto the coordinates of these viruses shows extensive overlap at the C␣ positions (Table 1) , with Ͼ70% of them being aligned (Fig. 6) . A similar percentage for the structural overlap of B19 with the AAV4 model ( Table 1) was reported for a comparison of AAV2 and B19 (37) . However, the AAV4 model is biased towards the AAV2 structure, and as such, higher-resolution structures of AAV4 (and AAV5) will be required for a more precise comparison to B19, particularly at the threefold mounds, which appear rounder and smaller in B19 (37) . The ADV structure is a pseudoatomic model based on CPV, which may account for the similar percentages of structural overlap. Interestingly, the surface loop regions displaying the most variability among the AAVs (labeled "I" to "IX" in Fig. 3 to 6 ) are also the most variable among all of the known autonomous parvovirus structures and between the autonomous parvoviruses and the AAVs (Fig. 6) . The structural homologies thus highlight the conservation of 3D structures among homologous proteins and viruses com- pared to that of primary sequences and indicate that the observed general surface topology differences (Fig. 2) are mainly due to local conformational alterations of surface loop regions. An attempt to localize the N-terminal VP1/VP2/VP3 amino acids for AAV4 included the calculation of a difference electron density map by subtracting a map generated with just 60 copies of our VP3 model (residues 215 to 734) from the cryo-EM map (generated from wt capsids that should contain all three VPs) (Fig. 4B) . The model map was calculated for all atoms, not just the C-␣ backbone. A difference map contoured at a sigma level (, signal-to-noise ratio) of 2.2 (in a normalized map) showed density extending from the base into the channel at the icosahedral fivefold axes and also extending toward the twofold axes (Fig. 4B) . The model of the protein (34) to fit inside the reconstructed density (in transparent white contoured at a of 1.0) of the mounds surrounding the icosahedral threefold axes and the starting AAV2 crystal structure model (in red) (68) . An intervening loop from a threefold related VP3 subunit is shown in cyan. Variable region III is labeled. Panel II shows C-␣ traces for loop regions in a reference AAV4 VP3 (in blue) and a twofold related monomer (in magenta), residues 527 to 532 and near 703, respectively, that could not be adjusted to fit into the cryo-EM density envelope (in transparent white contoured at a of 1.0) at 13-Å resolution. These regions are labeled V and IX, respectively, as in Fig. 3 to 6 . The approximate icosahedral twofold axis is indicated by the filled oval. Panel III shows the C-␣ traces for 60 AAV4 VP3 monomers (in blue) fitted into the cryo-EM density (in transparent white contoured at a of 1.0). The 60 VP3 molecules were generated by matrix multiplication of the coordinates of a reference VP3, in a standard orientation, with 60 icosahedral symmetry operators after model refinement in a crystallography and NMR system (CNS) program (13) . The map is sectioned at the center to show the protein envelope. The density in the middle of the particle, at the same contour level as the protein envelope, could not be modeled as a protein or nucleic acid. The view is approximately down an icosahedral twofold axis. (B) Difference map density subtracting the VP3 model from the cryo-EM density. Panel I shows the 60 AAV4 VP3 monomers (in blue) and the positions of difference density (in transparent white) at a contour level of 2.2 . A viral asymmetric unit is shown in the yellow triangle, bounded by two threefold axes (bottom right and left edges) and a fivefold axis (top edge), with a twofold axis in the middle. The view, down an icosahedral twofold axis, is rotated 90°compared to the twofold views shown in Fig. 2 . Panels II and III show close-up views of the difference densities (in transparent white) viewed down an icosahedral twofold axis (from the interior of the capsid) and in the channel at the icosahedral fivefold axes (viewed from the capsid exterior). The reference monomer is in blue in both panels, the twofold monomer is in red in panel II, and the fivefold monomers are in yellow in panel III.
FIG. 3. Structural alignment of AAV1-9 and AAAV (AAVN)
. The alignment was generated based on superimposition of the atomic coordinates of AAV2 (68), the pseudoatomic structures of AAV4 and AAV5 (63) built into their reconstructed cryo-EM densities, and structural models of AAV1, AAV3, AAV6-9, and AAAV generated with the Swiss Model program (50) , with AAV2 as a template. The format was output by use of the program ESPript (26) . Identical residues are white characters in red boxes; homologous residues are red characters in white boxes; differing residues are black characters. The numbering at the top of the alignment is based on AAV2 VP1 sequence numbers, while that at the bottom is based on AAV4 VP1 sequence numbers. Variable surface loop regions are labeled I to IX. Residues R484, R487, K532, R585, and R588 (AAV2 VP1 numbering), implicated in AAV2 heparin binding (38, 46) , are indicated by asterisks. The residues within the eight core ␤-strands that form the contiguous parvovirus capsid are indicated by arrows above the residues. (68) and of AAV4 (in blue) and AAV5 (in dark green) (63) pseudoatomic models built into the cryo-EM density. Variable surface loop regions (adjusted and unmodified) are labeled I to IX as in Fig. 3 . The insert shows a snapshot (from the program O [34] ) of the position of the intervening icosahedral threefold related VP3 loop (in cyan) and variable region VI. The residues that form the basic cluster in AAV2 (R484, R487, K532, R585, and R588 [VP1 numbering]) utilized for heparin binding are shown as small red balls and are labeled. The first N-terminal residue modeled (215), the C-terminal residue 734, and ␤-strands B to I are also labeled. (B) Coil representations of a trimer of AAV2 VP3s (in red, magenta, and cyan), an AAV4 monomer (in blue), and an AAV5 monomer (in dark green), viewed down the icosahedral threefold (solid triangle) axes. The superimposed AAV2, AAV4, and AAV5 monomers are shown rotated ϳ90°relative to the view in panel A. The AAV2 basic residues become clustered from the threefold related monomers and are shown in the respective colors of their monomers and outlined in dotted ovals indicated by arrows. The positions of the variable regions (labeled I to IX) are shown as black, dark gray, and gray balls in the red, cyan, and magenta AAV2 monomers, respectively. Panels A and B were generated with the program Bobscript (20) . (C) Close-up of the icosahedral threefold (solid triangle) axes of the pifmaps of AAV2 (left), AAV4 (center), and AAV5 (right), showing the local differences in topology of their threefold mounds. The resolution for each map is given on the bottom right-hand side of each panel. Approximate locations for variable regions I to VI are shown on top of one AAV2 monomer and mound. Arrows on the AAV2 surface indicate the approximate locations of the basic residues (shown in A and B) utilized for heparin binding (38, 46) . The approximate icosahedral two-, three-, and five-fold axes are indicated by the filled ovals, triangles, and pentagons, respectively, in panels A to C.
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shell had been built at a level of 1.0 (Fig. 4A) . The density inside the fivefold axis is consistent with the PLA2 role of the VP1 unique region (25, 69) because the channel is the only hole in the mature capsid that can accommodate its externalization for this activity. This channel has also been postulated as the region through which VP2 is externalized for maturation cleavage to VP3 after DNA packaging in several autonomous parvoviruses (4). Thus, the difference density was interpreted as belonging to the N termini of VP1, VP2, and VP3 (Fig. 4B) , although no attempt was made to build amino acids into it since there is no obvious connection from the first N-terminal residue in the current model (V215 based on AAV4 VP1 numbering) to the difference densities observed. The observation of two possible positions for this N-terminal region is consistent with the size of the fivefold channel (67) , dictating that only one VP chain may pass through it at any one time, and thus the remaining four chains must occupy an internal location. Density in the interior of the capsid, at a level of 1.0, the same as the level used to build the VP3 protein shell fit, could not be modeled (Fig. 4A) . This density might represent more unbuilt regions of VP3, VP2, and VP1 or disordered nucleic acids that should be present in the wt AAV4 capsids. Despite this uninterpreted density, a comparison of the electron density map generated for the pseudoatomic capsid model of AAV4 with the cryo-EM reconstructed density, calculated by use of the OVERLAPMAP program in the CCP4 package (17) , resulted in a correlation coefficient of 0.8. This high correlation of the model map to the original reconstructed density affirms its applicability. Further confidence in the accuracy of the model also stemmed from the observation that the backbone structures of other parvoviruses that are at least 50% identical are generally superimposable, even at the C-␣ positions where amino acid types differ (2, 4, 53) . This pseudoatomic model of AAV4 provides a means for preliminary comparative analyses with the available structures of AAV2 (68) and AAV5 (63) with regards to possible cell receptor binding sites and antigenic differences.
Comparison of AAV capsid structures and implications for receptor attachment. Variations in parvovirus capsids occur at surface amino acid positions that control host-specific interactions, such as tissue tropism, pathogenicity, receptor attachment, and antigenicity (3, 31, 32 ). An amino acid alignment of the VP3 sequence of AAV2 with those of AAV1, AAV3, AAV4, and AAV5 (46) had shown that a number of the basic residues on AAV2 that cluster to confer a heparin binding phenotype were missing in AAV4 and AAV5. In addition, our comparison of the pseudoatomic model generated for AAV5 with the crystal structure of AAV2 had shown that the surface loops of the two serotypes differed on the walls and tops of threefold protrusions that contain the AAV2 basic patch residues (63) . Superimposition of the AAV4 VP3 model onto the crystal structure of AAV2 and the pseudoatomic model of AAV5 clearly shows the localization of the majority of the variable regions discussed above (I to IV and VI) on or close to the threefold mounds (Fig. 5) . Variable region III (Fig. 3  and 5 ), plus the loop that contains AAV2 basic residues R585 and R588, surrounds the region containing variable region VI from a threefold symmetry-related monomer to create the threefold mounds ( Fig. 5B and C) . This threefold monomer would also position regions I, II, IV, and V immediately adjacent to the basic patch of AAV2 (Fig. 5) . The basic patch is only formed when the threefold mound-related monomers intertwine, as shown in Fig. 5B , to bring residues R484, R487, and K532 in one monomer close to residues R585 and R588 in an adjacent monomer. Furthermore, residue K532 in variable region V adopts a different conformation in AAV2 compared to that in AAV4 on the wall of the twofold dimple/base of the threefold mounds (Fig. 5B and C) . Thus, the unique AAV2, AAV4, and AAV5 capsid topologies at and surrounding their FIG. 6 . Superimposition of coil representations of the VP3 monomers of AAV2 (atomic coordinates) (in red), the pseudoatomic models of AAV4 (in blue) and AAV5 (in dark green), as in Fig. 5 , the VP2/VP3 monomers of the atomic coordinates of B19 (in pink) (37) , CPV (in cyan) (67) , FPV (in magenta) (51) , MVM (in green) (4) , and PPV (in brown) (53) , and the VP2 pseudoatomic coordinates of ADV (in orange) (44) . Variable surface loop regions labeled I to IX are the same as those in Fig. 3 and 5. The N and C termini of the VPs are indicated. The approximate icosahedral two-, three-, and fivefold axes are indicated by the filled oval, triangle, and pentagon, respectively. (19, 47) , the regions of their capsids utilized for receptor recognition have not been unequivocally verified. Mutational and structural studies of CPV suggested that amino acid residues on the wall of the dimple at the icosahedral twofold axis as well as the surface between the three-and fivefold axes control receptor attachment (8, 27, 31, 32, 60) . Crystallographic studies of an MVMp-sialic acid complex identified the icosahedral twofold dimple as its sialic acid binding site (Lopez-Bueno et al., unpublished results). For human parvovirus B19, which is known to have hemagglutination activity, by utilizing a non-sialic acid glycolipid, globoside, which is its cellular receptor (12), cryo-EM and image reconstruction showed receptor binding in a depression at its icosahedral threefold axes (16) . This location is close to that proposed as being responsible for heparin binding in AAV2 (38, 46) . These observations highlight the ability of the parvovirus capsid, regardless of whether it is a dependo-or an autonomous virus, to utilize different surface regions for the recognition of carbohydrate moieties during cell recognition and infection. Thus, the observed surface loop variability between AAV2, -4, and -5 at both the two-and threefold axes may play a role in disparate receptor recognition and attachment. Structural studies of AAV4 and AAV5 in complex with sialic acid molecules are under way to identify their interacting sites.
To probe the general applicability of the observed surface loop variability at the icosahedral twofold axes or surrounding the AAV threefold mounds in other serotypes, we aligned structural models generated for the VP3 amino acid sequences of AAV1, AAV3, AAV6-9, and AAAV (Fig. 3) . The loops equivalent to those making up the threefold protrusions in AAV2, -4, and -5 ( Fig. 3) are also the most variable in other parvovirus structures (Fig. 6) (3, 14) . Interestingly, this variable region spans the center of the primary sequence (residues ϳ440 to 600), while residues located at the N and C termini are conserved (Fig. 3) . Crystal structures of parvovirus capsids show that the conserved N-and C-terminal regions knit together in ␤-strands to form the core contiguous capsid, while the variable regions decorate the capsid surface (Fig. 6 ). Other regions that show the most variability among the AAVs are near residues 260 and 380 (AAV2 VP1 numbering) (labeled I and II in Fig. 3, 5, and 6) .
Comparison of AAV capsid structures and implications for antigenic phenotypes. AAV4 and AAV5 are the most antigenically distant AAV serotypes, with AAV4 being unable to crossreact with antibodies generated to linear AAV2 epitopes, such as the AAV2 B1 site, which cross-reacts with AAV1, AAV3, and AAV5 (65) . In addition, the crystal structure of AAV2 located the A20 antigenic epitope (65) specific to this virus on the wall between the two-, three-, and fivefold axes in the AAV2 capsid structure (68) . The superimposed VP3s of AAV2, AAV4, and AAV5 ( Fig. 5A and B) show that four variable loops (I, II, V, and VI in Fig. 3 ) contain residues comprising the conformational epitope recognized by the AAV2 A20 antibody (65) . Considering that a single amino acid change on a viral surface region is able to eliminate antibody recognition, and given the clustering of local differences on the surface structures of these three AAV capsids, it is not surprising that only AAV2 is recognized by A20. At 13-Å resolution, the rationale for AAV4's unique ability to prevent recognition by the B1 antibody directed to a linear epitope at the extreme C-terminal end of the AAV VP3 protein (65) is not evident.
Significance of parvovirus capsid surface topologies. A comparison of capsid surface topologies of parvoviruses for which structural information is available (Fig. 2) shows a clear division into three distinct structural groups: group I, comprised of CPV, FPV, MVM, and PPV; group II, comprised of DNV; and group III, comprised of AAV2, AAV4, AAV5, ADV, and B19. DNV (52) , currently the sole member of group II, is not discussed in this paper. Group I, distinguished by a single pinwheel protrusion at the icosahedral threefold axes, contributed from three monomers, and a wider twofold depression with small insertions, contains only members of the autonomous parvovirus genus (Fig. 2) . Group III, containing both autonomous (ADV and B19) and dependovirus (AAV2, AAV4, and AAV5) parvovirus capsids, has three distinct mounds at a distance of ϳ20 to 26 Å from the icosahedral threefold axes and narrower deep twofold axes (except in AAV2 and AAV5) (Fig. 2) . Each group III mound is formed by a contribution from two VP monomers (Fig. 4A and 5A and B) . The intervening of threefold symmetry-related surface loops is similar in both capsid types, but group I viruses have a closer contact between the six loops at the icosahedral threefold axes, hence the pinwheel arrangement. Group III capsids appear to have depressions at their icosahedral threefold axes due to the surrounding mounds being offset at a distance (Fig. 2) . The fivefold channel formed by symmetry-related ␤-ribbons is conserved in the group I and III capsid structures. In B19 (37) , the wall between the twofold and fivefold depressions is more pronounced than in the other group III viruses, appearing at almost the same height as its threefold protrusions, giving the particle a rounder appearance (Fig. 2) .
A small number of amino acids generally define differences in tissue tropism, pathogenicity, receptor attachment, and antigenicity phenotypes between highly homologous parvovirus strains and serotypes. The capsid sequences that account for the two-and threefold parvovirus topologies contain the most variable amino acids among the parvoviruses (Fig. 6) (14) . However, there are no unifying similarities among the viruses in group I or III with respect to tissue tropism, pathogenicity, or infectious receptor recognition to explain their surface topology similarities. When considering group I capsids, tropism and pathogenicity differences are observed between the highly homologous CPV and FPV (27, 31, 32) as well as MVM and PPV strains (4, 53) . The available information shows that the group I viruses utilize different receptors and capsid attachment sites for infectious binding (27, 47 ; Lopez-Bueno et al., unpublished results), and there is no conformational antigenic cross-reactivity of CPV and FPV with MVM and PPV. For the group III viruses, the AAVs are nonpathogenic, while ADV and B19 can cause lethal diseases. AAV2 and B19 are pro-posed to bind their infectious receptors, with different terminal carbohydrates, at or close to the icosahedral threefold axes (16, 37, 38, 46) , and the carbohydrate binding sites are not known for AAV4, AAV5, and ADV. There is no conformational antigenic cross-reactivity between the AAVs, ADV, and B19. Thus, the observed capsid surface topology groupings are not dictated by similarities in tissue tropism, pathogenicity, antigenicity, or binding of infectious receptors, at least not with respect to the molecule(s) recognized, although similar capsid regions may be utilized for some of these functions.
Our current understanding of parvovirus biology suggests that the common topologies among members of the group I and group III viruses might result from capsid protein translation and posttranslational modification mechanisms. Group I viruses are approximately 50% identical at the amino acid level (except for CPV and FPV, with ϳ98% identity), their VP1 and VP2 proteins are translated from the same message from alternative start codons, and VP3 is formed by a posttranslational cleavage of 15 to 18 amino acids from the N terminus of VP2 after DNA packaging. However, this event does not occur in empty particles, which have similar structures to DNAcontaining capsids (4) . Group III viruses, with ϳ50% identity between the AAV capsid sequences and ϳ20% identity between ADV and B19, also have a similar protein translation mechanism, since all of their VPs are encoded from alternative start codons. While the AAV capsids are made up of VP1, VP2, and VP3, ADV and B19 do not contain VP3. There is no capsid protein maturation cleavage after the group III capsid proteins are assembled. The true nature of the structural differences between the group I and III capsids at the two-and threefold icosahedral axes remains to be verified, possibly through a comparison of higher-resolution structures, particularly for members of group III, and by probing with molecular biology techniques.
